A triple-band circularly polarised microstrip patch antenna operating in the 2.4, 3.5 and 5.7 GHz bands is presented. The antenna consists of two substrate layers with an electromagnetically coupled low-band patch in the middle layer and a probe-fed dual-band patch on the top layer. The impedance bandwidths (voltage standing wave ratio (VSWR) < 2.5) for the three frequency bands are 112, 118 and 427 MHz with 3 dB axial-ratio bandwidths of 15, 44 and 36 MHz, respectively. The peak gains across the operating bands are 4.2, 5.5 and 4 dBic, respectively.
Introduction: Circularly polarised antennas are widely used in wireless communication systems due to advantages of immunity to polarisation mismatch and resilience to multipath fading. Many dual-band circularly polarised antennas employing two-layer substrates have been reported [1] [2] [3] [4] by using stacked patches with an aperture-coupled feed network [1] or a two-layer-coupled square patch with U-shaped slot [2] . Single-layer single-feed patch antennas for dual-band circular polarisation were proposed by loading Y-shaped or T-shaped slots in a square patch [3] or coupled annular rings with asymmetric cross-slots in the ground plane [4] . Furthermore, in [5] , a single-layer patch employing four slots and truncated corners was used to excite dualfrequency dual-sense circular polarisation. However, emerging multimode systems such as wireless fidelity (WiFi) and worldwide interoperability for microwave access (WiMax) demand circularly polarised antennas operating over more than two bands, which are widely disparate. However, some multiband antennas have been reported, such as [6] where a linearly polarised monopole with a modified ground plane achieves triple-band operation at 2.3 GHz/ 3.5 GHz/5.5 GHz. But there are few reports of triple-band circularly polarised antennas with wide frequency ratios using low-profile planar structures.
In this Letter, a novel low-cost triple-band circularly polarised microstrip patch antenna is proposed, which can achieve the wide frequency ratio required for multiband wireless communication systems.
Geometry of proposed antenna: Fig. 1 shows the antenna geometry and coordinate system. The antenna consists of two substrate layers, with the top dual-band patch connected to a 50 Ω SMA feed probe and ground plane on the bottom layer. The middle patch is electromagnetically coupled and has a hole of 2.5 mm diameter through which the feed probe passes. The two substrate layers are 40 × 40 mm with top substrate layer of thickness 3 mm, ε r = 2.33 and tan δ = 0.0018, and bottom substrate thickness of 1.57 mm, ε r = 4.5 and tan δ = 0.002. The impedance matching and axial ratio are dependent on key parameters such as the patch dimensions, slot width (Lp1 − Lp2)/2, feed probe position and corner truncations. Using the CST Microwave Studio, the optimised parameters were found to be as follows: top patch ( The modelled surface current distributions are shown in Fig. 2 Circular polarisation is realised at the low band using an asymmetrically cut truncated square patch. Dual-band circular polarisation is provided on the top element by a truncated square patch embedded inside a truncated square outline element. The outer element has symmetrical truncations. For the top dual-band element, both TM01 and TM03 are excited and circular polarisation is produced due to the truncations and slot arrangement [3, 5] . With proper adjustment of patch sizes, a wide frequency ratio is achieved.
Numerical results for proposed antennas: The optimised antenna was prototyped and measured. Fig. 3 shows the simulated and the measured voltage standing wave ratio (VSWR) to be in good agreement. The measured VSWR exhibits three frequency bands: the lower band from 2.446 to 2.558 GHz (112 MHz), the middle band from 3.466 to 3.584 GHz (118 MHz) and the higher frequency band from 5.635 to 6.062 GHz (427 MHz) for VSWR < 2.5. Fig. 5 shows the measured radiation patterns at frequencies, 2.49, 3.57 and 5.72 GHz. The gains are 3.1, 5.2 and 3.7 dBic, respectively. The cross-polarisation is better than 15 dB. The middle and higher frequencies exhibit very good front-to-back ratios due to the relatively large ground plane. 
